The present study was carried out to investigate the effect of different levels of guanidine acetic acid (GAA) on the performance, carcase yield and energetic molecular metabolites of breast muscle in broiler chickens fed with wheat-soy diet containing different levels of nutrient densities. 450-day-old male broiler chicks (Ross 308), assigned in a completely randomised design experiment with factorial arrangement 3 Â 3, 9 treatments and 5 replicates of 10 birds each. The diets included three levels of GAA supplementation (0, 0.6, 1.2 g/kg of diet) and three dietary nutrient density (ND) levels (low; 2800 kcal ME/kg, medium; 2950 kcal ME/kg and high; 3100 kcal ME/kg with constant rates of ME to other nutrients). The experimental diets were fed ad libitum from 1-42 days of age. One bird per pen was euthanized on day 10 and 42 to determine the energetic molecular metabolites concentrations of adenosine phosphate (ATP, ADP and AMP), phosphocreatine (PCr) and creatinine (CRN) in breast muscles. The inclusion of 0.6 g/kg GAA in wheat-soy diet, improved production performance, the relative weight of breast yield and increased the concentration of high phosphate energy metabolites (PCr, ATP/ADT and PCr/ATP) in breast muscle. The supplementation of high-density diet with GAA compared with the lowdensity diet improved broiler chicken's performance. It is concluded that the use of GAA in diet may facilitate the conversion of high-energy phosphates to form ATP in muscles and thus improve broiler chicken's performance.
Introduction
Guanidine acetic acid (GAA); also known as glycocyamin or guanidine acetate; is a natural precursor for creatine in the animal body. Creatine is a nitrogenous organic acid that involves in the energy metabolism through the creatine and phosphocreatine (PCr) system to all cells in the body mainly muscle. The creatine and phosphocreatine system functions as a backup to the ADP/ATP-cycle to store and mobilise energy when required on short notice by increasing the formation of ATP (Wyss & Kaddurah-Daouk 2000) .
It is likely that the requirement for creatine is proportionally greater in growing animals because of their high need to supply creatine for muscles in the regeneration of ATP from creatine and phosphocreatine system, in addition to replacing creatine losses in the form of creatinine, there may be a need to provide creatine to the growing tissues (Brosnan et al. 2009 ). Therefore, the capacity for de novo synthesis may be limiting in high-yielding farm animals, especially in those fed all-vegetable diets (Wallimann et al. 2007 ). The use of creatine as a feed additive in animal and poultry diets shows some drawbacks such as instability and high cost compared with GAA, which is more stable and less expensive (Baker 2009 ).
Hence, in view of eradicating animal-origin feedstuffs from poultry diet, broiler chickens generally fed diets containing vegetable source, based on maize/ wheat-soy meal, at this situation might be deficient in creatine and supplementation of broiler chickens diets with GAA (as creatine precursor) might restore the creatine load in tissues (Ringel et al. 2008) . Broiler chickens diet supplemented with GAA might be favourable in broiler chickens with fast growing ability because of their high need to supply creatine for muscles in the regeneration of ATP from creatine and PCr system that have paramount importance in the muscle energy management of fast-growing broiler chickens (Nain et al. 2008; Michiels et al. 2012) .
Wheat is the preferred grain for cultivation in many areas in Iran; therefore, it is often replaced for maize in poultry diets. The objective of the current study was to evaluate the response of broiler chickens to GAA added to all-vegetable diets on performance and muscle energy metabolites of broiler chickens fed with wheat-soy diet containing different nutrient densities.
Materials and methods

Feed stuffs composition
A wheat sample (Falat variety) was obtained from Khorasan Razavi province agricultural research centre (Northeast of Iran). The chemical compositions of wheat and soy meal were determined by NIR through Evonik-Degussa agent in Tehran, Iran and data were used to formulate the experimental diets.
Birds, housing and care
The Animal Care Committee of the Ferdowsi University of Mashhad approved experimental procedures. A total of 450-day-old male broiler chicks of commercial strain (Ross 308) were obtained from a commercial hatchery. The birds randomly were assigned to nine dietary treatments with five replicates/treatment of 10 birds/ replicate. Each pen was one square metre space and, floors were covered with wood shaving. The house temperature at initially was maintained at 32-34 C, and was decreased to 3.5 C per week to reach a constant temperature of 20-22 C at 24 days of age and was kept constant thereafter. The relative humidity was 50-60% and the lighting programme was 23L: 1D cycle throughout the experimental period.
Experimental design and diets
A completely randomised design (CRD) experiment with a factorial arrangement 3 Â 3 of three levels of GAA 1 (0.0, 0.6 and 1.2 g GAA/kg of diet) and three levels of dietary nutrient densities (low, medium and high) was used. Diets were formulated, based on the nutrient requirements of Ross-308 rearing guideline (Aviagen 2015) , and the nutrient densities were adjusted with the three following metabolisable energy levels 2800, 2950 and 3100 kcal/kg to have the constant energy to nutrient ratios for each feeding period (Table 1 ). All birds had free access to mash feed and water throughout the experiment. 9.4 9.9 8.0 8.4 8.8 a Each diet was divided into three equal portions and GAA was added to each part at the rate of 0, 0.6 and 1.2 g/kg and mixed to provide the nine diets for each feeding period. b Low, medium and high ND diets contained 2800, 2950 and 3100 kcal/kg of diet. c Provided (per kilogram of diet): vitamin A (all-trans-retinol), 11,000 U; vitamin D 3 , 4500 U; vitamin E (a-tocopherol), 65 U; vitamin K 3 (Menaquinone), 3 mg; thiamine, 2.5 mg; choline, 1600 mg; riboflavin, 6.5 mg; pantothenic acid, 18.0 mg; pyridoxine, 3.2 mg; cyano-cobalamin, 0.02 mg; niacin, 60 mg; biotin, 0.18 mg; folic acid, 1.9 mg; I, 1.25 mg; Cu, 16 mg; Se, 0.30 mg; Co, 1.0 mg; Mn, 120 mg; Zn, 110 mg; Fe, 20 mg; and ethoxyquine, 33 mg. d Endo feed W, provided 600 units per kilogram of diet xylanase and 220 units per kilogram of diet b-glucanase; GNC Bioferm Inc., Saskatoon, Canada.
Measurements
Performance traits
Pen body weights (BWs) were recorded at 0, 10, 24 and 42 days of ages and feed intake during 1-10, 11-24 and 25-42 days of ages, by weighing the offered and residual feed at the beginning and end of each period. The growth performance as mean live body weight (LBW), daily weight gain (ADG) and daily feed intake (ADFI) were calculated during each experimental period. Daily died chick was weighed and recorded for correct the growth performance. The FCR was calculated as the amount of feed consumed divided by pen weight gain including the weight gain of the mortalities.
Slaughter and meat sampling procedures
One bird from each pen close to the average pen weight was randomly selected, weighed, and then was compassionately slaughtered at 10 and 42 days of ages, after 8h feed withdrawal. Carcass was obtained by removing head, feathers, feet and gastro-intestinal tract. After chilling for 24 h at 2 C, carcases were cut according to a standardised procedure (Uijttenboogaart & Gerrits 1982) to determine skinless breast weight. In order to measure molecular concentrations of energy metabolites in muscle, about 1 g of muscle from about 1.5 cm deep in the right major pectoral tissue was collected, wrapped in an aluminium foil and kept at À80 C freezer for later analysis.
Measurement of ATP, ADP, AMP, PCr and creatinine in muscles
The concentrations of adenosine phosphate (ATP, ADP and AMP), PCr and creatinine (CRN) in breast muscles were evaluated by reverse-phase-HPLC. The Liu et al. (2006) method was used with some modification as follows.
Preparation of standard stock solutions The sodium salt standard samples of 5-ATP, 5-ADP and 5-AMP were purchased from Sigma-Aldrich Inc. The ATP, ADP and AMP standard stock solutions of 1000 lg/mL were prepared by dissolving 50 mg of ATP, ADP and AMP standards in 50 mL of per-chloric acid solution (0.4 M HClO4) and stored at 4 C.
Sample preparation A frozen muscle sample (200 mg) was cut and homogenised for 1 min in 1.0 mL of icecold 0.4 M HClO 4 and kept in an ice bath for 10 min, then homogenate was centrifuged for 10 min at 3600 Â g, in refrigerated centrifuge (4 C). Supernatant (850 lL) was collected and adjusted to a pH of 6.5 with 850 lL of 0.6 M K 2 HPO 4 , and mixture was mixed (by vortex) for 20 s and centrifugation was repeated for 5 min. The supernatant (1.5 mL) was collected, stored at À20 C and analysed within 24 h. Standard curves preparation The standard stock solutions (1000 lg/mL) were diluted to 5, 10, 20, 40, 80, 160 and 320 lg/mL in deionised water. A volume of 20 lL of each standard sample was used for HPLC analysis. The standard curve and regression equation were established between chromatographic peak area (y-axis, mV min) and standard sample concentration (x-axis, lg/mL). The retention times for ATP, ADP, AMP, PCr and CRN were 3.4, 3.7, 4.4, 3.5 and 4.2 min, respectively.
HPLC analysis
Statistical analysis
The data were tested for main effects of diet nutrient density (ND) levels and GAA supplementation and for their interaction. All data were analysed by ANOVA using the GLM procedure of SAS 9.1 software (SAS 2003) . Means were compared for significant differences using Tukey-Kramer's multiple range test (p < .05).
Linear and quadratic models were fitted to data to describe the relationships between depended variables with dietary GAA levels. Pen was considered the experimental unit for performance analysis, and individual breast samples were used as experimental unit for energy metabolites analysis.
Results and discussion
Performance
Effect of dietary ND and GAA supplementation on BW, average daily gain (ADG), average daily feed intake (ADFI) and feed conversion ratio (FCR) in male broiler chickens are shown in the Table 2 . A significant interaction between ND and GAA in diet was observed on FI during 1-10 days period (p < .05). The FI numerically increased as GAA levels increased in high ND diet fed birds, but in low and medium nutrient density (MND) diets fed birds, the highest FI was in those fed diet contained 0.6g/kg GAA (Figure 1) . A greater FI response to GAA levels were observed at higher ND diet, The FI increased linearly with increasing GAA level in high nutrient dense diet (p < .06). This can be associated with the effect of diet supplementation with GAA on the energy metabolism process (Ringel et al. 2008 ). This response could be due to the better energy utilisation in chicks receiving the high ND diet supplemented with GAA. A similar effect was reported by Mousavi et al. (2013) , even though the differences between GAA-treated and control groups were not significant (p ¼ .09). It is shown that supplementation of diet with GAA reduced feed intake in turkeys (Lemme et al. 2010 ). In contrast, Michiels et al. (2012) found slightly higher feed intakes in chickens receiving diet supplemented with 0.6 or 1.2 g/kg GAA compared to those fed control diet. No effect of GAA on feed intake of broilers was observed by Ringel et al. (2007) .
The interaction between diet ND and addition GAA on the LBW at 24 day, WG at 11-24 days and FCR at 1-42 days were close to significant level (p < .10). Live body weight at 24 days and ADG during 11-24 days were significantly increased and FCR during 1-42 days was significantly decreased (p < .05) in birds fed diet with high nutrient density (HND) and 1.2 g GAA/kg compared with those fed other dietary treatments. Feeding high nutrient density (HND) diet increased growth rate (Saleh et al. 2004 ) and muscle creatine store under this condition may lead to improve bird's production performance (Mousavi et al. 2013) .
Our results showed an improvement in FCR of birds fed diet supplemented with GAA (Table 2) . Similarly, several other studies have shown that dietary GAA supplementation improved FCR in broiler chickens (Ringel et al. 2007; Michiels et al. 2012; Dilger et al. 2013; Mousavi et al. 2013 ). This positive effect of GAA might be related to its ability to increase muscle creatine levels (Wyss & Kaddurah-Daouk 2000) . Michiels et al. (2012) suggested that supplementation of GAA in all-vegetable diets improves performance and carcase characteristics in terms of the FCR ratio and breast meat yield. Other studies indicated that GAA supplementation of up to 0.12% to all-vegetable diets improved performance in male and female broiler chickens (Lemme et al. 2007a , Lemme et al. 2007b ). Furthermore, supplementation of GAA to turkey's diets also improved growth performance (Lemme et al. 2010) . This positive effect of GAA may be associated with its ability to increase the cells creatine level. The higher muscle creatine demands higher nutrients, which can be provided with higher ND diets, this can lead to a more efficient utilisation of dietary nutrients, improved growth performance and FCR. It is reported that creatine is a semi-essential compound for animal growth (Lemme et al. 2007c ). As creatine deficiency may act as a limiting factor for growth, especially in birds that fed solely with plant ingredients, because plant feedstuff are absolutely deficient in creatine (Michiels et al. 2012 ).
Breast muscles energetic molecular metabolites concentrations
The effects of diet ND and GAA supplementation and their interaction on concentrations of ATP, ADP, AMP, the ATP/ADP ratio, PCr, CRN, PCr/ATP ratio and PCr/CRN ratio in breast muscles at 10 and 42 days of age are shown in Table 3 . Low, medium and high ND diets contained 2800, 2950 and 3100 kcal/kg of diet. The effect of dietary ND was significant on ATP, ADP and AMP concentration of broiler chickens breast muscle at 10 days of age (p < .05). With increased dietary ND, the concentration of high-energy phosphates numerically increased in the breast muscles. The average concentration of ATP, PCr, CRN, ATP/ADP ratio and PCr/CRN ratio in breast muscle were significantly increased by GAA supplementation of diet at 10 days of age (p < .05). Comparing to birds fed control diet, the addition of 0.6g GAA/kg to diet significantly increased chicken's breast muscle ATP concentration (150 ppm vs 200 ppm), PCr concentration (3945 ppm vs 6608 ppm), CRN concentration (33 ppm vs 62 ppm) and ATP/ADP ratio (2.7 vs 6.1) at 10 days of age. The ATP, CRN and PCr concentrations increased quadratically (p < .01) with increase in GAA level, which peaked around 0.06 g GAA/kg diet (Figure 2) . The interaction between the ND and GAA was not significant.
The effect of dietary ND on concentration of PCr, ATP/ADP ratio and PCr/ATP ratio in breast muscle was significant at 42 days of age (p < .05). With increased dietary ND, the ATP/ADP and PCr/ATP ratio were increased in the breast muscles. The concentration of PCr, PCr/ATP and PCr/CRN ratio in breast muscle was significantly affected by dietary GAA concentration at 42 days of age (p < .05). Diet supplemented with GAA caused an increased PCr, PCr/ATP and PCr/CRN ratio in breast muscle so that birds fed 0.6 g GAA/kg supplemented diet had significantly higher PCr concentration (9062 vs 7218 ppm), PCr/ATP ratio (28.4 vs 20.3) and PCr/CRN ratio (288.6 vs 189.6) in their breast muscles. The interaction between the ND and GAA was not significant.
It is shown that the addition of GAA to the broiler chickens diet, especially at the rate of 0.6g/kg increased the ability of breast muscle cells to store more energy as high-energy phosphate molecules at 10 and 42 days of age. Breast muscle of birds fed diet containing 0.6g GAA/kg contained higher concentrations of CRN, PCr, ATP, ATP/ADP ratio and PCr/ATP ratio compared with those fed control diet. Other investigators (Haussinger 1996; Hultman et al. 1996; Young et al. 2007; Michiels et al. 2012) were reported similar results. The increase in ATP/ADP and PCr/CRN in the muscle tissues, via the addition of GAA to diet shown to have a major role in energy metabolism (Lemme et al. 2007b; Lemme et al. 2010) . GAA is the single immediate precursor of creatine in animal's tissue (Bloch & Schoenheimer 1941) . Creatine is a key energy reserve in animal tissues and prevents cells devoid from ATP, it helps to avoid the cellular ATP depletion through the immediate provision of high energy phosphates to regenerate the ATP molecule from ADP (Wyss & Kaddurah-Daouk 2000) .
Tissues with high-energy demand, such as the skeletal muscle, take up creatine. The concentration of ATP in skeletal muscle would result in a muscle contraction of only a few seconds (Wallimann et al. 1992) . Fortunately, during times of increased energy demands, the phosphagen (ATP/PCr) system rapidly re-synthesizes ATP from ADP with the use of PCr through a reversible reaction creatine kinase (CK). Additionally, in most muscles, the ATP regeneration capacity of CK is very high and is therefore not a limiting factor. Although the cellular concentrations of ATP are small, changes are difficult to detect because ATP is continuously and efficiently replenished from the large pools of PCr and CK. Creatine has the ability to the reserve of PCr in muscle, potentially increasing the muscle's ability to resynthesize ATP from ADP to meet the increased energy demands (Spillane et al. 2009 ). While the animal by-products contain creatine, vegetable ingredients are not a source of this compound. In contrast to animal sources, purely vegetable-based diets are free of creatine, and creatine must be synthesised de novo only from GAA. Brosnan et al. (2009) reported that the addition of GAA to the diet of fast-growing broiler chickens diet could be useful to meet the needs of birds to creatine (Brosnan et al. 2009 ). Approximately 66-75% of creatine requirements are met endogenously, and the remainder must be supplied by diet (Ringel et al. 2007 ). Therefore, vegetable diets fail to supply creatine to poultry and may increase the requirements of arginine and glycine necessary for endogenous creatine synthesis (Wyss & Kaddurah-Daouk 2000) . In this experiment, our results indicated that the relative weight of breast meat has increased with an increase in the level of GAA, birds fed diet supplemented with 0.6 g GAA/kg diet compared to those fed control and/or 1.2 g GAA/kg diet had have higher relative weight of breast muscle (p < .16). This can be under the effects of creatine phosphate/ATP rate in the muscle. Thus, the creatine and creatine phosphate concentrations will be increased in all muscles by the addition of GAA to vegetable-based diet (Ringel et al. 2008; Baker 2009 ). Loading creatine in the body such as breast muscles can be useful to increase muscle growth or its work strength (Michiels et al. 2012) . Potential increase in water uptake by muscle cells and increased muscle cell volume can be affected by the addition of GAA to the diet and thus increasing the relative weight of breast muscle in broiler chickens (Williams & Branch 1998) .
Conclusions
GAA supplementation in diet at the rate of 0.6 and 1.2 g/kg markedly improved the production performance, the relative weight of pectoral muscle and elevated the concentration of high phosphate energy metabolites in breast muscle cells. The addition of GAA to high ND diet was more effective than low and MND on broiler chicken's performance. The PCr/CRN and ATP/ADP ratios in the breast muscles of birds fed diet supplemented with GAA were markedly increased compared to those fed control diet. This indicates that PCr increased buffering capacity for ATP hydrolysis and supports the idea that creatine-loaded muscles have the capacity of increased muscle growth or work, which might be beneficial for skeletal muscle growth.
The GAA has the potential to rapidly mobilised reserve of high-energy phosphate for ATP formation.
